enzymes (Themmen and Huhtaniemi, 2000) . Although deeply studied in mammals, the 50 precise function of each gonadotropin in teleosts is still largely unknown (Swanson et al., 51 2003) . In the salmonid model, complementary functions of the gonadotropins were suggested 52 by assessment of their transcript and plasma levels. FSH is considered to be involved in the 53 initiation and early stages of gametogenesis, such as vitellogenesis and spermatogenesis, to 54 some extent through the synthesis of estradiol-17β (E2) and 11-ketotestosterone (11-KT), 55 respectively. LH is linked to final maturation and ovulation/ spermiation, in part by 56 stimulating the production of maturation inducing hormones (MIHs, the progestins 17α,20β-57 dihydroxy-4-pregnen-3-one (17,20βP) and 17α,20β,21-trihydroxy-4-pregnen-3-one (20βS)) 58 (Nagahama, 1994; Swanson et al., 2003) . 59
Synthesis of steroids involves a complex cascade of oxidative enzymes that convert 60 cholesterol into different functional steroids. The cytochrome P450 11β-hydroxylase, encoded 61 by the CYP11B1 gene is necessary for the final steps of the synthesis of 11-KT (Jiang et al. 62 1996) whereas cytochrome P450 aromatase (P450arom, encoded by the CYP19A1 gene), 63 catalyzes the conversion of testosterone (T) to estradiol (E2) (Simpson et al. 1994 ). The 64 cDNAs encoding these cytochromes have been cloned and characterized in several fish 65 species including the sea bass (Dicentrarchus labrax L.) (Socorro et In teleosts, final gamete maturation is initiated by a rapid shift from the synthesis of androgen/ 69 estrogen to the synthesis of MIHs (Nahahama, 1994) . This steroidogenic shift is typically 70 accompanied by an increase in steroid synthesis. Biosynthesis of steroid hormones has an 71 acute and a chronic hormonal regulation. Whereas chronic, long-term regulation of 72 steroidogenic capacity involves increased transcription/ translation of the genes encoding 73 steroidogenic enzymes, the acute regulation of steroidogenesis depends on cholesterol 74 transport into the mitochondria (Miller, 1988; Stocco and Clark, 1996) . In mammals, it has 75 been proven that this transport is mediated by the steroidogenic acute regulatory (StAR) 76
protein . In addition there is evidence of a positive regulation of 77
StAR expression by tropic hormones such as FSH and LH in granulosa cells (Balasubramanian 78 et al., 1997; Sekar et al., 2000) and by LH in Leydig cells (Manna et al., 1999) . 79
As mentioned above, most of the available information regarding physiological aspects of fish 80 gonadotropins refers to salmonid species whose germ cells develop in a synchronous fashion. 81
The fish species selected for this study is the European sea bass that presents a group-82 synchronous type of ovarian development (successive clutches of germ cells that will mature 83 and be spawned are recruited from a population of vitellogenic oocytes), producing 3-4 84 consecutive spawns during a 1-2 months spawning period that is repeated once a year during 85 the winter (Asturiano et al., 2000) . It is then difficult the extrapolation of salmonid findings to 86 sea bass (or other fish with a non-synchronous type of gonadal development). Contrary to 87 what was described for salmonids (reviewed in Swanson et al., 2003) , the expression of the 88 gonadotropin subunits during the reproductive cycle of male sea bass shows overlapping 89 profiles, suggesting that both hormones could be involved in the control of all stages of 90 gonadal development (Mateos et al., 2003) . 91 Recently, we have described the molecular characterization of sea bass gonadotropin 92 receptors (Rocha et al., 2007a) . In the present study, we aimed to investigate their temporal 93 expression patterns during an entire reproductive cycle in both male and female sea bass; To 94 have a more holistic understanding of how different key factors interact to control sea bass 95 gonadal function, changes in the expression of CYP11B1, CYP19A1 and StAR genes were also 96 evaluated in relation with sex steroid and LH plasma titers as well as gonadal development. 97
98

Materials and Methods
99
Animals and sample collection 100
Male and female sea bass (Dicentrarchus labrax) were obtained from the stock raised at the 101 Instituto de Acuicultura de Torre la Sal (Castellón, Spain, 40ºN) facilities. They were sampled 102 monthly during their first sexual maturation period (puberty), which generally occurs during 103 the second year of life in males and in the third year of life in females. At each sampling 104 point, 5 fish of each sex were anesthetized, weighed, sized and sacrificed in accordance with 105 the Spanish legislation concerning the protection of animals used for experimentation or other 106 scientific purposes. Blood was collected via the caudal vein using heparinized syringes, 107 centrifuged at 2500 x g for 25 min at 4ºC and the obtained plasma was stored at -20ºC until 108 analysis. Gonads were dissected, weighed and one portion was flash frozen in liquid nitrogen 109 and stored at -70ºC. on the sea bass in our laboratory (B Crespo, JM Navas, A Rocha, S Zanuy, M Carrillo, 126 unpublished). The assay uses a rabbit antiserum against E2 whose specificity is shown in 127 (Prat et al., 1990 ). The EIA protocol was similar to that previously developed for testosterone 128 determination (Rodriguez et al., 2000a) . Briefly, plasma was extracted with methanol. The 129 organic solvent was evaporated and the dry extract was reconstituted in assay buffer (EIA 130 buffer, Cayman Chemical MI, USA). Each component, E2-acetylcholinesterase tracer, anti-131 E2 rabbit antiserum and E2 standards (Sigma-Aldrich, Inc) or samples, were added to 96-well 132 microtiter plates coated with mouse anti-rabbit IgG monoclonal antibodies (Clone RG-16, 133
Sigma-Aldrich, Inc) and incubated overnight at 37ºC. Then, plates were rinsed and colour 134 development was performed by addition of Ellman's reagent and incubation for 2 h at 20ºC in 135 the dark. Optical density was read at 405 nm using a microplate reader (Bio-Rad microplate 136 reader model 3550).The sensitivity of the assay was around 0.156 ng/ml (Bi/B0 = 90%). 137
The plasma levels of 11-KT were determined by an EIA developed for the Siberian sturgeon 138 (Cuisset et al., 1994) and modified for its use in sea bass (Rodriguez et al., 2005) . The assay 139 sensitivity of 11-KT was 0.0012 ng/ml. Plasma LH levels were measured by a homologous 140 competitive ELISA according to (Mateos et al., 2006) The data are presented as the mean plus/minus the standard error of the mean (SEM). Gene 219 expression levels of StAR, LH and 11-KT in males and FSHR in females were analyzed by 220 one-way ANOVA followed by the Holm-Sidak test. Before the analysis, values were ln-221 transformed to meet normality and homoscedasticity requirements. Percentage data (GSI) 222
were arcsine transformed before being used for analysis. Since the remaining data did not 223 meet the criteria for parametric statistics, the Kruskal-Wallis nonparametric test was used to 224 compare differences between groups. If differences were found (P<0.05), the Dunn's method 225 or Tukey test (GSI) were used for multiple comparison tests. The strength of the association 226 between pairs of parameters (gene expression levels and plasma hormone levels) was 227 evaluated by calculating the correlation coefficient, r, using the Spearman rank order 228 correlation nonparametric test. The significance level was adjusted by Bonferroni correction 229 to reduce type I error. probability level alpha at 0.05. This was calculated by dividing the 230 alpha level set at 0.05 by the number of comparisons (0.05/6) which means that only p<0.008 231 were considered significant. All the analyses were conducted using the statistical software 232
SigmaStat version 3.0 (SYSTAT Software Inc., Richmond, CA). Data collected on the GSI of the fish used in this study are shown in Fig. 1 . In both male and 263 female, the GSI values were low during the summer and early fall (July-October). In males, 264 the GSI (Fig. 1, A) started to increase in November to reach high levels in December 265 remaining high during spermatogenesis (II, III, IV) and full spermiation (V) stages. In 266 females, the GSI (Fig. 1, B) rapidly increased from November on until it peaked in February, 267 during the maturation-ovulation stage. A progressive decrease of the GSI was then observed 268 in both sexes from March onwards until low values were reached again. 269 270
Seasonal changes in hormone plasma levels 271
In order to correlate all the variables used in this study, different hormones were measured in 272 the plasma of these specific animals, as extrapolation of previous data might be inaccurate. 273
Plasma 11-KT levels in males started to increase in stage III and peaked in stage IV. These 274 high levels significantly dropped in full spermiating testis remaining low during post-275 spawning (Fig. 2, A) . Plasma LH levels showed a significant elevation in stage IV that was 276 maintained until the end of the cycle (Fig. 2, B) . 277
In females, E2 levels gradually increased during early vitellogenesis. They peaked during late 278 and post-vitellogenesis and then decreased during the maturation/ovulation stage although to 279 levels not statistically different from the previous stage (Fig. 2, C) . During pre-and early 280 vitellogenesis female plasma LH values remained low. Levels started to increase during late 281 and post-vitellogenesis and peaked during maturation/ovulation. These levels remained high 282 during atresia (Fig. 2, D) . 283
284
Seasonal changes in 18S rRNA and Ef1-alpha expression levels 285
The seasonal changes in the expression of the reference genes, 18S rRNA and Ef1-alpha, 286 during gonadal development in both sea bass male and female are presented in Fig. 3 . During 287 the sampling period the expression of these genes changed significantly (P <0.01; P≤0.001) in 288 both sexes. In males, the difference in 18S rRNA expression between the highest (stage III) 289 and lowest (stage VI) level was lower than threefold (Fig. 3, A) . On the other hand, Ef1-alpha 290 levels were more than fifteen times higher in stage III than in VI (Fig. 3, B) . In females, 18S 291 rRNA levels (measured using total RNA) in late and post-vitellogenesis were approximately 292 twenty four times higher than the levels in previtellogenesis, and they returned to low levels at 293 the end of the reproductive cycle (Fig. 3, C) . Although with a lower magnitude, Ef1-alpha 294 expression levels also changed during the female study being almost four times higher in the 295 first stage of gonadal development than in maturation/ovulation (Fig. 3, D) . 296
297
Seasonal changes in FSHR, LHR, StAR, CYP11B1 and CYP19A1 expression levels 298
Changes in gonadal expression of the five genes of interest during a complete reproductive 299 cycle were first examined using non-normalized arbitrary input amounts (Fig. 4) . In addition, 300 gene expression was normalized to 18S rRNA (males) and adjusted Ef1-alpha (females). The 301 expression patterns obtained for all genes were similar to those of non-normalized values 302 (data not shown), implying that both methods are feasible. To avoid repeating information, 303 only results from normalized values are described below. 304
Males
The observed FSHR expression profile across the male reproductive cycle was 305 bimodal (Fig. 4, A) . Levels gradually increased from the immature to early recrudescence 306 stage followed by a progressive and significant decline during mid and late recrudescence. A 307 second increase in FSHR mRNA levels was observed in full spermiating males. The 308 expression patterns of LHR and StAR genes were very similar (Fig. 4, B and C) . A slight and 309 not significant increase was first observed during early recrudescence. Levels decreased 310 during the mid and late recrudescence stages, peaking in full spermiation. Expression then 311 decreased to the lowest levels during the post-spawning stage. The expression of CYP11B1 312 remained high during the early stages of gonadal development (Fig. 4, D) , decreased during 313 mid recrudescence, and reached significantly low levels at late recrudescence stage. These 314 low levels were maintained until the end of the reproductive cycle. 315
Females
FSHR expression (Fig.4, E which corresponds approximately to an eightfold expression increment. The expression 324 sharply decreased during atresia. As in males, the expression pattern of StAR in females (Fig.  325 4, G) was similar to the LHR one. Expression remained low during pre-and early 326 vitellogenesis, increased during late and post-vitellogenesis and peaked at 327 maturation/ovulation. In this case, the expression increment was of one hundred and thirty 328 four fold. During atresia, levels were low again. The expression of CYP19A1 remained low 329 before and during early vitellogenesis (Fig. 4, H) . Values were the highest in late and post-330 vitellogenesis after a sevenfold increase, returning to low levels during the remaining of the 331 cycle (Fig. 4, H) . 332
333
Correlation analysis 334
Correlation analysis of gene expression in males (Table 2, The LHR expression profile in sea bass testis (Fig. 4, B expression steadily increases during testicular maturation, while in sea bass and rainbow trout, 388 according to Sambroni et al.(2007) , LHR mRNA levels were maintained almost constant until 389 the end of the recrudescence stage. Analysis of LH levels in sea bass plasma (Fig. 2, B)  390 showed an increase of this hormone during spermatogenesis reaching the highest levels in 391 spermiation, which is in agreement with the expression profiles of sea bass LHβ (Mateos et 392 al., 2003) and LHR (Fig. 4, B Interestingly, the quantification of StAR transcripts in sea bass testis (Fig. 4, C) revealed a 421 profile identical to the one observed for the LHR (Fig. 4, B) , what was supported by a 422 significant positive correlation between both gene mRNA levels (Table 2) Like in males, in sea bass females both gonadotropin receptors follow a similar expression 428 pattern (Fig. 4, E and F) . Expression of these genes is strongly positively correlated (Table 2) , 429 although the expression levels of FSHR are remarkably higher than those of LHR (Fig. 4) . 430
Before yolk incorporation, during primary growth (previtellogenesis), both receptors are 431 expressed at extremely low levels in sea bass ovary. In early vitellogenesis (October), the 432 expression level of FSHR slightly increased while LHR mRNA levels remained unchanged. (Rocha et al., 2007a) . 465
The profile of E2 plasma levels observed in this study (Fig. 2, C (Dufau, 1998). It is interesting to note that in the sea bass ovary, the expression levels of the 479 LHR remained basal until FSHR expression and E2 plasma levels were high (Fig. 2 and 5) , 480
indicating that a similar induction mechanism could occur during late vitellogenesis and post-481 vitellogenesis in this fish. 482
In this study, a significant elevation of StAR expression was observed at the end of 483 vitellogenesis coinciding with an increase in plasma E2 levels. The highest expression values 484 were observed at the maturation-ovulation stage (Fig. 4, G 
